Introduction {#S0001}
============

Asthma is a heterogeneous disease characterized by inflammation, reversible airway obstruction, airway hyperresponsiveness (AHR) and tissue remodeling. Recent progresses in molecular biology suggest complex cytokines interactions between innate and adaptive immune cells and resident cells.[@CIT0001] Genome-wide associations studies (GWAS) have well-associated numerous single nucleotide polymorphisms (SNPs) of cytokines genes with asthma.[@CIT0002] The level of gene expression varies according to asthma phenotypes.

Although asthma has been first considered as a Th2-mediated disease, the pro-inflammatory Th17 cells (the major source of IL-17A) have recently focused attention.[@CIT0003],[@CIT0004] Th17 and regulatory T cells (Treg) are inversely modulated in asthma, as Th17 cells are increased and Treg cells decreased both in the peripheral circulation and in induced sputum (IS).[@CIT0005] Through IL-17A, Th17 cells contribute to pulmonary recruitment and accumulation of neutrophils and macrophages.[@CIT0004] However, anti-TNF-α and anti-IL-17A failed to show efficacy in asthma patients[@CIT0006] emphasizing the need to establish the role of other Th17 cytokines such as IL-26.[@CIT0007] An up-regulation of IL-26 has been previously reported in paediatric asthma.[@CIT0008]

IL-26 is a member of the IL-10 cytokine family that includes IL-10, interferon (IFN)-λ (IL-28A/B and IL-29), and the IL-20 subfamily (IL-19, IL-20, IL-22, IL-24, and IL-26).[@CIT0009] The expression of IL-26 has been observed in T cells, natural killer (NK) cell subsets,[@CIT0010] macrophages and epithelial cells.[@CIT0011] IL-26 has been reported to signal via the IL-10R2/IL-20R1 heterodimeric receptor.[@CIT0012] Of interest, whereas IL-10R2 is broadly expressed, IL-20R1 expression is restricted to epithelial cells.[@CIT0013]

Innate immunity is gaining interest in asthma, particularly in severe neutrophilic phenotypes. The control of innate immunity in human lungs is complex, probably because of its fundamental importance for host survival.[@CIT0014] IL-26 may act both as a driver and an effector of inflammation, leading to the establishment of a deleterious amplification loop and ultimately, sustained inflammation as reported by Larochette et al.[@CIT0015] IL-26 is involved in the immune response to bacterial endotoxin in the airways of healthy human subjects.[@CIT0016] Experimental studies demonstrated in vivo a direct anti-microbial effect of IL-26 against extracellular bacteria.[@CIT0017] Human alveolar macrophages and bronchial epithelial cells are able to produce IL-26, acting then as a critical immune barrier.[@CIT0018] Moreover, IL-26 enhances the chemotactic response of human neutrophils to bacterial and inflammatory stimuli.[@CIT0012] In this way, Che et al[@CIT0019] found increased extracellular IL-26 protein in the airways of long-term smokers in vivo. Recombinant human IL-26 increased gene expression of NF-κB and pro-inflammatory cytokines.[@CIT0019] Innate lymphoid cells (ILCs) are part of the innate immune system.[@CIT0020] ILC3s, the most implicated in asthma can play a role in the recruitment of neutrophils to the lung via the cytokine IL-17A eventually leading to neutrophilic inflammation.[@CIT0021] Hekking et al recently reported that a series of sputum ILC3-specific genes were upregulated in adult-onset severe asthma patients suggesting a role for ILC3 in this asthma subtype.[@CIT0022]

We have investigated in this study the expression of IL-26 in severe asthma and its role in inducing inflammatory cytokines production. We report that protein and mRNA IL-26 expression are elevated in asthmatic patients and associated with neutrophilic inflammation. We also show that IL-26 triggers the production of pro-inflammatory cytokines by cultured macrophages and memory CD4^+^ T cells inducing the generation of RORγt^+^ Th17^+^ cells. IL-26 represents a new immunological parameter that must be taken into account in the inflammatory process in severe asthma.

Materials and Methods {#S0002}
=====================

Patients {#S0002-S2001}
--------

Fifty severe asthmatic patients were recruited for this study (Department of Paediatric and Respiratory Diseases; A. Mami Hospital of lung diseases, Ariana, Tunisia). The diagnosis of severe asthma was established according to the ATS/ERS criteria.[@CIT0023] Patients with respiratory co-morbidities (COPD, Bronchiectasis or lung interstitial disease) or heart failure were excluded. Due to the specificity of our department, all patients were female. The control group (all females, aged 45--58 years) comprised 30 healthy volunteers with no history of obstructive lung disease. All subjects were nonsmokers. Patients produced samples of sufficient quality for subsequent inflammatory cell counts ([Table 1](#T0001){ref-type="table"}). Twenty-seven patients were considered atopic with a positive skin prick test to at least one inhalant allergen.Table 1Demographic and Inflammatory Characteristics of Patients and ControlsHealthy ControlsSevere Asthmap(n = 30)(n = 50)Demographic CharacteristicsAge (Years) (Range)54.7 (45--58)55.87 (36--75)NSFunctional CharacteristicsFEV1 (%)109 ± 15.354.72 ± 14.72\< 0.005FEV1/FVC ratio (%)82.84 ± 7.9261.42 ± 7.420.0001IgE (IU/mL)37.5 ± 18.9459.94 ± 587.18\< 0.0001Score ACTNA15.3 ± 3.4BMI (Kg/m^2^)20.22 ± 3.3631.90 ± 6.570.00024Sputum CharacteristicsEpithelial cells (%)14 ± 5.218 ± 2 3NS Total cells x 10^4^/mL0.7 (0.2--10.5)0.9 (0--12.7)NSLymphocytes (%)8.2 ± 4.9512.5 ± 7.60.0027 Total cells x 10^4^/mL12.7 (10−15.4)21.9 (16--25.7)0.0007Macrophages (%)35.09 ± 3.8946.52 ± 14.710.0001 Total cells x 10^4^/mL40.8 (39.6--44.2)62.7 (44--68)0.0001Neutrophils (PNN) (%)28.46 ± 8.5539.15 ± 16.870.0018 Total cells x 10^4^/mL25.8 (18--26.5)42.2 (32--47.4)0.0002Eosinophils (PNE) (%)0.0 ± 0.003.13 ± 2.01\< 0.0001 Total cells x 10^4^/mL0 (0--0.1)1.7 (0--1.9)\< 0.0001[^1]

The study protocols were reviewed and approved by the ethics committees of our hospital (Abderrahmen Mami Hospital, Ariana, Tunisia), and informed written consent was obtained from all participating subjects. This study has been conducted in accordance with the Declaration of Helsinki.

Patients with asthma were treated with regular high dose inhaled glucocorticoids (ICS) (daily ICS dose ranged 1000--2000 µg beclomethasone). Asthma control was evaluated using the "asthma control test" (ACT). [Table 1](#T0001){ref-type="table"} describes the characteristics of the asthmatic patients and the controls.

Lung Function Parameters {#S0002-S2002}
------------------------

Spirometry was performed according to the American Thoracic Society and European Respiratory Society guidelines.[@CIT0024] Spirometry was carried out in the patient and the control group. Forced expiratory volume in 1s (FEV1) and Forced vital Capacity (FVC) were assessed by using a spirolab II and were expressed as a percent of the predicted value.

Sputum Induction and Processing {#S0002-S2003}
-------------------------------

Patients were allowed to continue their own anti-asthma medication before sputum induction and all procedures were conducted in the morning. The procedure of sputum induction was the same in control and asthma group and was preceded by inhalation of 400 μg of salbutamol and subsequent pulmonary function testing. Patients with a post-bronchodilator FEV~1~\< 50% of predicted and \<1.0 L were excluded from the induction procedure. All patients were pre-treated with two puffs of salbutamol (400 μg) and inhaled a nebulized solution of normal saline followed by increasing concentrations (3%, 4% and 5%) of hypertonic saline using an ultrasonic nebulizer (ULTRA-NEBTM 2000, DeVilbiss, Somerset, PA, USA). Patients were asked to rinse their mouth and were then instructed to cough sputum into a sterilized sputum container. These procedures were repeated for up to a total of 7 min of inhalation sequentially with each concentration until an adequate sputum sample (one mL) was obtained.

Sputum Processing {#S0002-S2004}
-----------------

Induced sputum was processed immediately on receipt as described by Fahy et al and Rosewich et al.[@CIT0025],[@CIT0026] The volume of the sputum was measured and the plugs were separated and weighed. A freshly prepared 0.1% solution of dithiothreitol (DTT, Sigma Aldrich, St. Louis, MO) in sterile phosphate-buffered saline (PBS) was added in a volume equal to fourth the weight of the sputum, and the mixture was shaken for 15 min. Subsequently, a double volume of sterile PBS was added and the mixture was vortexed briefly. After filtration through 70-mm nylon cell strainer (Falcon, Corning Brand, NY, Columbia, USA) the sputum was centrifuged for 10 min at 1800 g. The cells were counted in Neubauer hemocytometer, percentage of dead cells and epithelial cells (squamous and ciliated) was assessed.[@CIT0027] Total number of immunological cells (x 10^6^) and total cell count (10^6^ cells/g sputum) were calculated. Smears from each patient were performed: four smears were stored at -- 80° C for further investigation, two smears from each subject were stained with May-Gr€unwald-Giemsa method to assess the percentage of immunological cells, based on the morphology of 300 cells from various fields. The criteria for appropriate IS quality were as follows:[@CIT0028] less than 50% epithelial cells, and more than 300 non-epithelial cells on one slide. Samples with a contamination of \>80% of squamous cells were excluded from analyses. Eosinophilic phenotype was defined as \>3% sputum eosinophil counts while neutrophilic phenotype required a neutrophil count \>61%.

Isolation of Peripheral Blood and Sputum Fluid Mononuclear Cells {#S0002-S2005}
----------------------------------------------------------------

Mononuclear cells were isolated from the peripheral blood mononuclear cells (PBMCs) of severe asthmatic patients and healthy donors and from induced sputum, by density centrifugation using lymphocyte separation medium (PAA Laboratories). Then, T cell and non-T cell fractions were purified by positive or negative selection, respectively, using the CD3^+^ T cell isolation kit (Miltenyi Biotec), and were stimulated or not with 1 μg/mL anti-CD3 plus anti-CD28 mAbs or 10 μg/mL recombinant soluble CD40L (R&D Systems), respectively, in order to analyze IL-26 mRNA expression by reverse transcription (RT)-quantitative PCR (RT-qPCR) and IL-26 production (ELISA). T cell and non-T mononuclear cell purity, assessed by flow cytometry on a FACS Calibur (BD Biosciences), was \>99%. Memory (CD4^+^ CD45RO^+^) T cells were purified by negative selection (Miltenyi Biotec); purity, assessed by flow cytometry, was \>99%.

Monocytes from PBMCs were isolated by negative selection, using the EasySep human monocyte Enrichment kit (Stemcell). Cell purity, determined by flow cytometry, was routinely \>95%. Monocytes were differentiated into macrophages by culture at 1 x 10^6^ cells/mL for 10 days in complete medium (consisting of RPMI 1640 medium \[GE Healthcare Life Sciences, Vélizy-Villacoublay, France\] supplemented with 10% fetal calf serum \[Biowest; Germany\], 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 10 mM HEPES, 100 U/mL penicillin, and 100 μg/mL streptomycin \[all from Lonza\]) supplemented with 20 ng/mL GM-CSF or with 20 ng/mL GM-CSF plus 50 ng/mL IL-4 (both from Cellgenix; Freiburg, Germany).

Effect of Recombinant IL-26 on IL-17 Modulation {#S0002-S2006}
-----------------------------------------------

We evaluated whether IL-26-treated CD4^+^ T cell and autologous monocytes from asthmatic patients and healthy controls may modulate IL-17, IL-4, IL-10, TNF-α, IL-1β and IL-6 secretion in vitro. To determine the required dose of recombinant IL-26 (rIL-26: Abnova; Catalog \#: H00055801-Q01) we performed a test in vitro on control PBMCs (n = 10). Purified CD4^+^ T cell (memory CD4^+^ T cells: CD4+CD45RO^+^) fractions and monocytes, isolated from PBMCs were cultured in complete RPMI 1640 medium \[supplemented with 2% FCS (GE Healthcare Life Sciences, Vélizy-Villacoublay, France), 2 mM glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 10 mM HEPES, 100 U/mL penicillin, and 100 μg/mL streptomycin\] (GE Healthcare Life Sciences, Vélizy-Villacoublay, France).

CD4^+^ T cells (1 × 10^5^) and autologous monocytes (5× 10^3^) were cultured in complete medium in 96-well U-bottom plate, stimulated with an immobilized anti-CD3 monoclonal antibody, with or without rIL-26 at different concentrations (0 ng/mL; 20 ng/mL; 40 ng/mL; 50 ng/mL; 100 ng/mL; 150 ng/mL and 200 ng/mL). After 7 days of incubation, culture supernatant cells were tested for IL-17 levels by ELISA. The minimal concentration of rIL-26 inducing measurable levels of IL-17 was 100 ng/mL. It was used in the subsequent experiments. CD4^+^ T cells with autologous monocytes from 10 healthy controls and 12 severe asthmatic patients were cultured in the same conditions with or without rIL-26. Cytokines production was measured on day 7.

Activity of Sputum IL-26 in Asthmatics {#S0002-S2007}
--------------------------------------

IL-26 present in asthmatic sputum fluid was tested for its activity in inducing IL-17 in cultured sputum CD4^+^ and macrophages. Sputum CD4^+^ T cells co-cultures with autologous macrophages in RPMI 1640 medium (supplemented with 2mM glutamine, 1% (vol/vol) non-essential amino acids, 1% (vol/vol) sodium pyruvate, penicillin (50 U/mL) and streptomycin (50 mg/mL) and containing 10% (vol/vol) FCS (Gibco BRL)). Cells were stimulated for 7 days in the presence of SF, depleted or not in IL-26. Sputum memory CD4^+^ T cells (2 x 10^2^ cells/mL) and macrophages (1 x 10^2^ cells/mL) were stimulated with an anti-CD3 mAb supplemented by 10% sputum fluid of asthmatic patients, depleted or not in IL-26. After 7 days, IL-17A was quantified by ELISA in cultures supernatants. The addition of anti-TNFα (4 pg/mL), anti-IL-1β (2 pg/mL) and anti-IL-6 (2 pg/mL) were tested in regulating IL-17 secretion. The origins of the non-labeled mAbs were from R&D Systems (R&D Systems, Abingdon, UK).

IL-26 Quantification by ELISA {#S0002-S2008}
-----------------------------

Approximately 5 mL of fasting venous blood was collected in a tube with Ethylene diamine tetra-acetic acid for each participant. On the same day of taking blood samples, the samples were centrifuged at 1500 rpm for 10 mins at room temperature, and then the serum samples were isolated, aliquoted and stored at −80°C until analysis.

IL-26 was quantified in serum, and sputum fluid as recently reported using commercially available ELISA kits (LS-F4914, LifeSpan) tested for non-specific binding as previously described.[@CIT0029] Samples were blocked for heterophilic antibodies with bovine, murine, and rabbit immunoglobulin G (Jackson Immuno Research). ELISA-Amplification System (ELAST) (NEP116001EA, PerkinElmer) was applied before adding 3,3′,5,5′-tetramethylbenzidine (TMB); otherwise, the assays were performed according to the manufacturer's protocol. Samples were analyzed in duplicates, and values below the detection limit were assigned the same value as the detection limit, which in this case was 15.63 pg/mL. Optical density (OD) was measured at 450 nm with a reference value of 570 nm (Thermo Scientific, Multiskan GO). Optical densities were converted to concentrations using a four-parametric logistic regression.

IL-1β, TNFα, IL-17 were measured by "Ready-Set-Go" Elisa (eBioscience, UK). Lower levels of quantification (LLOQ) for all assays were 4 pg/mL. IL-6 was measured by Duo set ELISA (R&D Systems, Abingdon, UK). LLOQ for all assays were 9.4 pg/mL.

RNA Extraction and Real-Time Polymerase Chain Reaction (RT-PCR) {#S0002-S2009}
---------------------------------------------------------------

The determination of mRNA expression was performed by the real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) as we previously reported.[@CIT0029] The mRNA was extracted from sputum mononuclear cells and peripheral blood mononuclear cells (PBMNCs) using TRIZOL^R^ reagent (Invitrogen) according to the manufacturer's instructions. Complementary DNA (cDNA) samples were synthesized using random hexamer primers and RNase H-reverse transcriptase (Fermentas). The qRT-PCR was done in a 25 ll reaction using an Applied Biosystems system (AB, Foster City, CA). The reaction systems include 15 μg/ll (2.5 μL) of cDNA template, 10 μM of each forward and reverse primers set and the appropriate dilution of SYBR Green mix (QIAGEN, Germany), and the adequate volume of distilled water (Gibco). The β-actin mRNA (internal control) was quantified in the same way as the IL-26 mRNA, using the forward and reverse primers: β-actin, 5ʹ-ATGACTTCCAAGCTGGCCGT-3ʹ and 5ʹ-CCTCTTCAAAAACTTCTCCACACC-3ʹ; IL-26, 5ʹ-GCTGTTAGTCACT CTGTCTCTTG-3ʹ and anti-sense 5ʹ-GGACAAT GTTCCCCTTGGGTA-3ʹ; IL-17,5ʹ-CCCGGACTGTGATG GTCAAC-3ʹ anti-sense: 5ʹ-GCACTTTGCCTCCCAGATCA3ʹ RORγt;5′-AATCTCATCCTCGGAAAAGTG-3′ and anti-sense reverse primer 5′-TCTCAA AGCAGGAGCAATGGA-3′. The qRT-PCR detection system was used for amplification and the employed cycling program was as follows: initial denaturation step at 94°C for 2 min; then 40 cycles of a second denaturation step at 94°C for 15 s; an annealing step at 59°C for 45 s, and an extension step at 72°C for 45 s; after that, a final extension at 72°C for 10 mins was carried out.

Immunofluorescent Staining and FACS Analysis {#S0002-S2010}
--------------------------------------------

To measure intracellular CD4^+^ IL-17^+^ in the presence of rIL-26 or none, cultured CD4^+^ cells were stained with FITC-conjugated anti-CD4 (BioLegend, USA), before incubating in permeabilizing and fixation buffers (BioLegend, USA) for 30 mins at 4°C. Cells were washed with PBS, treated with fixation and permeabilization buffers, and subsequently washed and resuspended in 100 μL of permeabilization buffer for 30 mins at 4°C in the dark, with monoclonal antibodies (Abs) against the following antibodies: PE-conjugated anti-IL-17. To assess cytokine production, the cells were gated on forward scatter (FSC) and side scatter (SSC) dot plot and lymphocytes were gated to analyze the percentage of CD4^+^IL-17^+^ cells. The events were acquired by flow cytometry (FC500, Beckman Coulter, USA) and analyzed by CXP software.

Western Blotting Analysis {#S0002-S2011}
-------------------------

Protein expression of IL-26, IL-17A and RORγt were determined by Western blotting. SDS-PAGE was performed on 12.5% gels using a Mini-Protean Electrophoresis system (Bio-Rad, Switzerland) and blotted onto a hybond-P polyvinylidene difluoride (PVDF) membrane (GE Healthcare, Glattbrugg, Switzerland) in the same device. Membranes were blocked with 5% milk powder in TBS-T (50 mM Tris, Calbiochem, pH 7.6; 150 mM NaCl, 0.1% Tween-20; Sigma-Aldrich) and incubated overnight at 4°C with mouse anti-bodies, anti-IL-26 (KU32-52; BioLegend), anti-1L17A (Abcam), anti-RORγt (Abcam) or β-Actin antibodies (Sigma) in 10% FCS in TBS-T. HRP-conjugated secondary antibodies (anti-mouse; Cell Signaling, Danvers, MA, USA) were used. The ECL chemiluminescence reagent was used to detect the signal bands as and semi-quantitative analyses using densitometry were performed using Image J version 1.48v (National Institutes of Health, Bethesda, MD).

Statistical Analysis {#S0002-S2012}
--------------------

The Statistical Package for Social Sciences (SPSS) version 19 (LEAD Technology Inc., Charlotte, NC, USA) was used to analyze the data. Continuous variables were summarized through mean ± standard deviation (SD). The difference in the average between the study groups was examined by Mann--Whitney test. Spearman's rank correlation was used to examine the relationship between two continuous variables.

Results {#S0003}
=======

Patients Characteristics {#S0003-S2001}
------------------------

Baseline patient characteristics and sputum in asthmatics and controls are shown in [Table 1](#T0001){ref-type="table"}. Asthmatic patients are hospitalized in a women's respiratory ward (Pavillion B, A. Mami Hospital). The screening cohort consisted of 30 healthy subjects and 50 patients with severe asthma. The mean age was 55.87 (36--75) years for asthmatics and 54.7 (45--58) years for controls. Within these asthma and control groups, 12 patients and 10 healthy persons were investigated for their in vitro stimulated CD4^+^ T cells and macrophages producing inflammatory mediators. Lung function parameters such as FEV1 and FEV1/FVC in asthmatic patients were significantly lower than those in healthy controls (*p \<* 0.0001).

IL-26 Is Overexpressed in Severe Asthmatic Patients {#S0003-S2002}
---------------------------------------------------

Serum IL-26 concentrations and IL-26 mRNA expression were studied in 38 asthmatic patients and 20 non-asthmatic controls. Serum IL-26 concentrations (1.10 ± 0.39 ng/mL) were increased compared to healthy subjects (0.55 ± 0.25 ng/mL; *p* \< 0.0001) ([Figure 1A](#F0001){ref-type="fig"}). As asthma is characterized by lung inflammation, IL-26 was also quantified in sputum fluid (SF). IL-26 in asthmatic patients was highly elevated (2.48 ± 0.94 ng/mL) compared to healthy controls (0.74 ± 0.26 ng/mL; *p* \< 0.0001).Figure 1IL-26 Levels and IL-26 mRNA expression of asthmatic patients. (**A**) IL-26 was quantified by ELISA in the serum and in sputum fluid of 38 asthmatic patients and 20 healthy controls (HC). (**B**) Levels of IL-26 mRNA expression in sputum mononuclear cells and in the peripheral blood lymphocytes (PBMCs) from 38 severe asthmatic patients compared with those from 20 HC. Results are depicted as box plots, with median values, 25^th^ and 75^th^ quartile and the range of values. Each symbol represents an individual patient. Horizontal lines indicate median values. Mann--Whitney *U*-test and associated *p* values are indicated. (**C**) The protein expression of IL-26 was analyzed by Western blot analysis. β-actin served as the standard. (**D, E**) Correlations between sputum IL-26 and the pulmonary function tests, including forced expiratory volume in 1 s (FEV1) and FEV1/FVC ratio. Pearson test has shown significant negative correlations between cytokines levels and FEV1 and FEV/FVC ratio.

As expected, qRT-PCR revealed that PBMCs from severe asthmatic patients showed increased IL-26 mRNA expression (2.134 ± 0.632; *p* = 0.0012) comparatively to HC (1.61 ± 0.33). Sputum asthmatics cells exhibited an important increase of mRNA expression (7.49 ± 2.86; *p* \< 0.0001) compared to HC (2.39 ± 0.81) ([Figure 1B](#F0001){ref-type="fig"}). The increased IL-26 mRNA expressed was confirmed by Western blot analysis ([Figure 1C](#F0001){ref-type="fig"}). Sputum fluid IL-26 level was negatively correlated with FEV1 (r = - 0.502; *p* = 0.0043) and FEV1/FVC (r = - 0.416; *p* = 0.0092) ([Figure 1D](#F0001){ref-type="fig"} and [E](#F0001){ref-type="fig"})

Sputum fluid IL-26 concentrations in asthma were highly expressed comparatively to their serum values (*p* \< 0.0001). These data were corroborated and confirmed by the results at the mRNA and western blot in sputum cells (*p* \< 0.0001).

IL-17A Expression in Severe Asmathic Patients {#S0003-S2003}
---------------------------------------------

Serum IL-17A was highly expressed in severe asthmatics (340.39 ± 104.06 pg/mL) compared to controls (160.75 ± 39.27 pg/mL; *p* \<0.0001). In the same way, IL-17A level in sputum fluid was increased in asthmatics (521.65 ± 113.76 pg/mL) compared to non-asthmatic controls (102.55 ± 15.38 pg/mL; *p* \< 0.0001) ([Figure 2A](#F0002){ref-type="fig"}).Figure 2IL-17 levels in the sera and sputum fluid of asthmatic patients. (**A**) ELISA quantified cytokines in the sera and sputum fluids of 38 asthmatic patients and 20 healthy controls. Results are depicted as box plots, with median values, 25^th^ and 75^th^ quartile and the range of values. Each symbol represents an individual. Horizontal lines indicate median values. Mann--Whitney *U*-test and associated *p* values are indicated. (**B**) Correlation between sputum IL-26 and IL-17 in asthmatic patients. Pearson correlation test showed an association between IL-17 levels and IL-26 \[r = 0.4257; p \< 0.0077\].

A significant correlation was observed between IL-26 and IL-17 expression in sputum fluid of severe asthmatics (r = 0.427; *p* = 0.0077) ([Figure 2B](#F0002){ref-type="fig"}). However, no correlation was observed in HC. PNN showed significant association with sputum IL-26 (r = 0.681, *p* \< 0.0001) and sputum IL-17 (r = 0.543, *p* \< 0.0001) ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}).Figure 3Association of between neutrophil (PNN) and sputum IL-26 and IL-17 in asthmatic patients. (**A**) Pearson correlation test showed an association between PNN and sputum IL-26 \[r = 0.681, *p* \< 0.0001\]. (**B**) Positive association was observed between PNN and sputum IL-17A levels\[r = 0.543, *p* \< 0.0001\].

According to previous results, sputum in asthmatics is characterized by an increase in IL-26 expression, correlated with the expression of IL-17 cytokine. The question that might arise is about the direct effect of rIL-26 on the production of associated cytokines to Th2 (IL-4), Treg (IL-10), and Th17 (IL-17) cells in vitro after LPS stimulation of CD4^+^ T cells and autologous monocytes in the PBMCs. We measured the presence in culture supernatants of some key mediators of inflammation such as IL-1β, IL-6 and TNF-α, after rIL-26 stimulation.

However, we first defined in non-asthmatic controls the dose of rIL-26 capable of inducing a measurable concentration of IL-26.

Recombinant IL-26 Inducing IL-17, IL-1β, TNF-α, IL-10, IL- 4 in vitro {#S0003-S2004}
---------------------------------------------------------------------

Asthma is characterized by excessive proinflammatory Th2 and Th17 responses.[@CIT0030] We therefore evaluated whether rIL-26-treated monocytes may modulate CD4^+^ T cell polarization. Purified CD4^+^ T cells were cultured with autologous monocytes and anti-CD3 mAb, in the presence of rIL-26. This in vitro study was performed at PBMCs level in 10 non-asthmatic controls.

Different doses of rIL-26 were tested (20 ng/mL; 50 ng/mL; 100 ng/mL; 150 ng/mL and 200 ng/mL) to optimize the concentration allowing a significant increase in IL-17 secretion. IL-26 upregulated IL-17A secretion by CD4^+^T cells and autologous monocytes ([Figure 4A](#F0004){ref-type="fig"}), in a dose-dependent manner. The selected concentration of rIL-26 was 100 ng/mL inducing a measurable IL-17 release in cell culture supernatants from healthy controls.Figure 4IL-26 upregulates IL-17A secretion by CD4^+^ T cells. (**A**) Peripheral blood CD4^+^ T cells were stimulated by an anti-CD3 mAb, in the presence of autologous monocytes, with or without rIL-26 at the indicated concentrations. IL-17A was quantified on the seventh day in supernatants culture to identify the selected dose of rIL-26. (**B**) CD4^+^ T cells alone and monocytes alone stimulated with rIL-26 failed to produce any cytokine level. (**C**) CD4^+^ T cells were stimulated by an anti-CD3 mAb, in the presence of monocytes, with or without 100 ng/mL of rIL-26. IL-17A was quantified by ELISA after 7 days in culture supernatants. (**D**--**H**) CD4^+^ T cells were stimulated associated with autologous monocytes as described, with or without 100 ng/mL of rIL-26. ELISA was used to quantify IL-1β, IL-6, TNFα, IL-4 and IL-10 on the seventh day of supernatants culture. Results are expressed in ng/mL (mean ± SD).

The culture control of separately stimulating CD4^+^ cells alone and monocytes alone from asthmatic patients in the presence of rIL-26 does not show any secretion of IL-17, IL-4, IL-10, IL-1β, TNF-α or IL-6 ([Figure 4B](#F0004){ref-type="fig"}).

In a second step, CD4^+^ T cells and autologous monocytes from 12 asthmatic patients were investigated by adding or not rIL-26 (100 ng/mL) to test the modulation of the increase of IL-4, IL-6, TNFα, IL-10, IL-1β and IL-17A cytokines secretion after anti-CD3 and LPS stimulation.

[Table 2](#T0002){ref-type="table"} reports the cytokine values. rIL-26 upregulated IL-17A ([Figure 4C](#F0004){ref-type="fig"}), IL-1β, IL-6 and TNF-α ([Figure 4D](#F0004){ref-type="fig"}--[F](#F0004){ref-type="fig"}) while IL-4, and IL-10 production was not modified ([Figure 4G](#F0004){ref-type="fig"} and H). rIL-26 had no effect on the production of Th2 and Treg cytokines by CD4^+^ T cells associated with autologous monocytes, both in asthmatic patients and in HC. The increased secretion of IL-17A, IL-6, TNF-α and IL-1β was more important in asthmatic patients compared to non-asthmatic controls.Table 2IL-26 Upregulates IL-17A, IL-β and TNF-α Secretion by Memory CD4^+^ T Cells.Cytokines (ng/mL)HCHC rIL-26AsthmaAsthma rIL-26IL-172.95 ± 1.066.80 ± 1.137.33 ± 1.3715.75 ± 2.27^†^p *\<* 0.0001p \< 0.0001IL-1β3.2 ± 1.65.5 ± 0.975.66 ± 1.1515.25 ± 2.05^†^p = 0.012p \< 0.0001IL-42.70 ± 0.483.2 ± 1.23^NS^11.08 ± 1.3711.12 ± 1.9^NS^p = 0.204IL-62.80 ± 1.315.30 ± 1.885.25 ± 1.1311.41 ± 2.15^†^p = 0.003p \< 0.0001IL-104.80 ± 1.595.2 ± 1.7^NS^4.75 ± 1.285.20 ± 1.7^NS^p = 0.591p = 0.495TNF-α1.01 ± 0.431.67 ± 0.51^NS^3.68 ± 0.9811.40 ± 3.01^†^p = 0.0056p \< 0.0001[^2]

Interestingly, rIL-26-stimulated monocytes and memory CD4^+^ T cells promote the generation of Th17. rIL-26 induced the expression of the mRNA encoding the Th17 associated molecules IL-17A and RORγt^+^ in memory CD4^+^T cells ([Figure 5A](#F0005){ref-type="fig"}). Western blot analysis and cytometry showed increased expression of CD4^+^ IL-17^+^ ([Figures 5B](#F0005){ref-type="fig"}--[D](#F0005){ref-type="fig"}) after rIL-26 stimulation.Figure 5IL-26 upregulates IL-17A secretion and RORγt expression. CD4^+^ T cells were stimulated by an anti-CD3 mAb in the presence of monocytes, with or without 100 ng/mL of rIL-26. CD4^+^ T cells were investigated for IL-17A and RORγt at day 7 of culture. (**A**) IL-17A and RORγt mRNA expression we analyzed by RT-qPCR. (**B, C**) The protein expression of IL-17A and RORγt was detected using Western blot analysis. (**D**) Representative staining of IL-17A cytokines in the gated CD4^+^ cells as indicated in the method section. IL-17A was expressed in the presence of rIL-26. \*Significantly different between the expression of IL-17 and RORγt in the presence and absence of recombinant IL-26 (*p* \< 0.0001).

Correlations of IL-26 and IL-17 with Obesity and Menopausal Status {#S0003-S2005}
------------------------------------------------------------------

Of the patients studied, only 10/38 patients with asthma are not menopausal. Observed IL-26 values were not significantly different between post-menopausal women (1.35 ± 0.36 ng/mL) and pre-menopausal women (1.078 ± 0.33 ng/mL) (*p* = 0.053). Similarly, no association was observed in serum IL-17 levels between menopausal (357.56 ± 97.6 ng/mL) and non-menopausal status (361.36 ± 105.7 ng/mL; *p* = 0.067). A more judicious analysis would be to increase and balance the number of patients in both categories.

Obesity was defined as a body mass index (BMI) of more than or equal to 30 kg/m^2^, overweight was defined as BMI between 25 and 29.9 kg/m^2^, and lean weight was defined as BMI \< 25 kg/m^2^. In our study we found that IL-26 mRNA (r = 0.407; *p* = 0.0124) and IL-17 mRNA (r = 0.455; *p* = 0.0015) were significantly correlated with asthmatic patients having a body mass \> to 30 kg/m^2^. Our analysis shows that inflammatory cytokines IL-26 and IL-17 are associated with the effects of obesity in asthma.

Sputum IL-26 in Severe Asthmatic Triggers Proinflammatory Cytokine {#S0003-S2006}
------------------------------------------------------------------

We examined whether IL-26 present in asthmatic sputum fluid is biologically active. We evaluated the capacity of IL-26 present in asthma sputum fluid to induce IL-17A. Sputum CD4^+^T cells co-cultures with autologous macrophages were stimulated for 7 days in the presence of sputum fluid, depleted or not in IL-26. In these conditions, asthmatic patients exhibited increased IL-17 production (14.91 ± 2.93 ng/mL; *p* \< 0.0001) compared to HC (6.55 ± 1.70 ng/mL) ([Figure 6A](#F0006){ref-type="fig"}).Figure 6IL-26 present in the sputum fluid of asthmatic patients is biologically active. (**A**) IL-17A was quantified by ELISA in the 7 days supernatants culture of sputum CD4^+^ T cells and autologous macrophages, cultured in complete RPMI 1640 medium and stimulated with an anti-CD3 monoclonal antibody (mAb) supplemented with 10% autologous sputum fluid of severe asthmatic patients which contained IL-26 \[sputum IL-26 levels in the 12 severe asthmatic patients was between 7 and 10 ng/mL and in 10 healthy controls was between 0.5 and 0.9 pg/mL\], either depleted or not in IL-26. Experiments were performed in severe asthmatic patients (n = 12) and HC (n = 10). The same culture protocols were done by adding anti-IL-1β and anti-IL-6 and anti-TNF-α mAbs. Results are expressed in ng/mL (mean ± SD). (**B**) Memory CD4^+^ T cells were stimulated by an anti-CD3 mAb plus macrophages, with 10% autologous sputum fluid of severe asthmatic fluid, in the presence or absence of 10 μg/mL neutralizing anti-IL-1β, anti-IL-6, anti-TNFα or isotype control Abs. IL-17A was quantified after 1 week.

The IL-17 secretion was significantly reduced after IL-26 depletion in asthmatic patients (5.0 ± 1.27 ng/mL; *p* \< 0.003) and in HC (4.21 ± 1.81ng/mL) ([Figure 6A](#F0006){ref-type="fig"}), but not totally prevented, supporting that other factors (such as TNF α, IL-1β and IL-6) may also favor Th17 cell generation. The addition of anti-TNFα did not interfere with IL-17 secretion. Indeed, the addition of anti-IL-6 and anti-IL-1β monoclonal antibodies (MoAb) largely abolished the secretion of IL-17 in asthmatics and in HC. The addition of anti-IL-6, anti-TNFα and anti-IL-1β to the cultures from asthmatic patients abrogated IL-17 production in the same manner as the presence of anti-IL-6 and anti-IL-1β ([Figure 6B](#F0006){ref-type="fig"}).

Collectively, these results suggest that IL-26 in sputum fluid from severe asthmatic patients may promote locally IL-17 secretion in the presence of IL-6 and IL-1β.

Discussion {#S0004}
==========

Innate immunity is actually considered as a major player in asthma pathogenesis. Non-specific immunologic pathways have been particularly involved in severe asthma resistant to corticosteroid therapy.[@CIT0031] Several biologics targeting key Th2 cytokines IL-4, IL-5 and IL-13 have been tested and approved to treat severe asthma patients, mainly eosinophilic, allowing a decrease in corticosteroids doses.[@CIT0032],[@CIT0033] However, therapies targeting neutrophilic inflammation such as anti-TNF-α, and anti-IL-17RA failed to show efficacy in patients with non-eosinophilic asthma.[@CIT0006] We report here that IL-26, a neutrophil-mobilizing cytokine is overexpressed and produced in airways of severe asthma patients, with higher levels in sputum fluid compared to serum. IL-26 induces the secretion of proinflammatory non-Th2 cytokines (IL-17, IL-1β, TNF-α and IL-6) and favors the generation and local recruitment of Th17 cells.[@CIT0034] IL-26 located upstream of the local proinflammatory cascade thereby appears as a pivotal cytokine that may constitute a promising therapeutic target.

Several resident and inflammatory pulmonary cells express and release IL-26.[@CIT0014],[@CIT0018] A local production has been demonstrated by bronchial and lung biopsies with immunostaining of bronchial epithelial cells and macrophages/monocytes.[@CIT0035] Lung fibroblasts participate as well to IL26 production.[@CIT0036] Our data show an increased concentration of IL-26 in sputum fluid from severe asthma patients compared to healthy controls. Moreover, we report higher levels of mRNA in patients than in controls suggesting the involvement of IL-26 in inflammatory pathways of severe asthma. In a similar way, uncontrolled asthma, in children and adults was characterized by an increase in IL-26 levels compared to controlled cases.[@CIT0008],[@CIT0035] Further, we observed a negative correlation between IL-26 levels and FEV1, confirming previous studies.[@CIT0035] However, our results contrast with data on IL-26 in BAL in adult patients that were lower than those observed in healthy controls, despite a positive correlation between IL-26 and FeNO.[@CIT0035] This may be linked to the degree of asthma severity as in the study of Tufvesson et al, asthma was reported as mild or moderate.[@CIT0035] The lowest level observed in controlled asthma compared to uncontrolled and severe asthma was associated with a clinical response to corticosteroid. In vitro, hydrocortisone, a corticosteroid, inhibited IL-26 production from lung fibroblasts.[@CIT0036] Severe patients as such are characterized by a resistance to steroid therapy that could favor IL-26 production. The difference could also be due to the difference in the sites sampled, BAL reflecting distal airways and alveolar compartment, whereas sputum is mainly representative of central airways.

We made in the second step in vitro functional experiments to evaluate the effect of rIL-26 on inflammatory cytokines production from co-cultured monocytes/macrophages and CD4^+^ T cells. Higher levels of IL-17A, IL-6, IL-1β and TNF-α were measured in stimulated cells culture supernatants from patients than those from healthy controls. In the same way, IL-17A mRNA and RORγt were highly expressed after rIL-26 stimulation, reflecting Th17 generation.[@CIT0034] Furthermore, the same experiments repeated with asthma sputum fluid-induced similar results, confirming that IL-26 intrinsically present in patients sputum was biologically active. Our data showed that IL-26 favored the generation of Th17 cells mainly through the induction of TNF-α, IL-1β and IL-6 production by sputum immune cells. Studies in mice have identified transforming growth factor-β (TGF-β) and IL-6 as the critical cytokines driving the Th-17 differentiation of naïve T cells.[@CIT0037],[@CIT0038] In addition, proinflammatory cytokines such as IL-1β and TNF-α can increase the efficiency of Th17 differentiation.[@CIT0039] The identification of IL-26 associated with IL-17 generation is thus crucial to eventually design future therapeutic strategies to reduce the proinflammatory cytokines expression in asthma. The presence of IL-26 in sputum from asthmatic patients suggests its involvement in the pro-inflammatory microenvironment associated with Th17 differentiation. Of notice, IL-4 (Th2) and IL-10 (Treg) cytokines release was not modified by rIL-26.

IL-26 is a main actor in antibacterial defence[@CIT0017] and its production in severe asthma could be linked to modifications of the airways microbiota. In mice, exposure to endotoxin enhances the production of IL-26, IL-6 and IL-8 in the airways.[@CIT0040] We observed a positive correlation between IL-26 and sputum neutrophils, suggesting an enhanced recruitment of these cells in severe asthma with a possible role of microbial agents. Virus are reported as a major factor of asthma exacerbation, inducing non-specific innate immunity activation involving Th17 cytokines.[@CIT0041] Viral stimulation of bronchial epithelial cells induces IL-26 production that is enhanced by IL-17, suggesting a role to IL-26 in asthma attacks.[@CIT0018] In the same way, modifications of airways microbiota have been reported in severe asthma, together with a possible role of bacteria in the severity of asthma.[@CIT0042],[@CIT0043] The role of macrophages, which are a prominent source of IL-26 during activation of anti-bacterial host defense, should be more deeply investigated.[@CIT0044],[@CIT0045] Otherwise, neutrophilic inflammation in asthma has also been associated with obesity.[@CIT0046] The positive correlation that we observed between IL-26 and IL-17A expression and BMI in our patients is consistent with a role of IL-26 and innate immunity in particular severe phenotypes.

Our study has some limitations as our patients were exclusively women, not allowing us to extend our conclusions to severe asthma in general. However, we did not observe differences depending on menopausal status suggesting no effect of hormones. Our samples were obtained by induced sputum a less aggressive technique than BAL, decreasing the risk in these severe patients but reducing the number of collected cells. We will have though to expand our population to be able to explore more deeply the relationships between IL-26, cellular populations, clinical phenotypes and inhaled treatment, as IL-26 production has been reported to be modulated in vitro by asthma medications.[@CIT0036]

IL-10R2/IL-20R1 the heterodimeric receptor of IL-26 is expressed on the surface of epithelial bronchial cells[@CIT0013] suggesting a possible activation of these cells by IL-26 following non-specific epithelium aggression, as these cells produce important levels of IL-33 and TSLP in asthmatic patients.[@CIT0047],[@CIT0048] The addition of IL-17 and IL-26 to alarmin and TSLP could play an active role in the pathogenesis of asthma by stimulating mononuclear cells in establishing a pro-inflammatory micro-environment.
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ELISA, enzyme-linked immunosorbent assay; FEV1, Forced expiratory volume in one second % predicted; FVC, forced vital capacity; IL, interleukin; SF, sputum fluid; rIL-26, recombinant human IL-26; PBMCs, peripheral blood mononuclear cells; RT-PCR, real-time polymerase chain reaction; NS, not significant.
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[^1]: **Notes:** Data are expressed as means ± SD, or medians with range. Severe asthma was defined according to the European Respiratory Society and American Thoracic Society. Data were compared using unpaired Student *t-*test or Mann--Whitney test. Comparisons were done by the Mann--Whitney *U-*test with the Bonferroni correction. p values versus were expressed comparing asthmatic patients to healthy subjects.

    **Abbreviations:** ACT, asthma control test; IgE, immunoglobulin E; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; NS, Not Significant. Total cell number was expressed as median (range).

[^2]: **Notes:** Memory CD4^+^ T cells were stimulated by an anti-CD3mAb, in the presence of monocytes, with or without 100 Ng/ML of rIL-26. Cytokines were quantified by ELISA in the culture supernatants after 7 days. Values Were Expressed as (Mean ± SD). ^†^Comparison in Asthmatic Patients with and Without rIL-26 Stimulation.

    **Abbreviation:** NS, Not Significant.
